It is known that the performance of lithium ion batteries deteriorates as number of cycles increases. In order to investigate the reason for this the deterioration, the surface coverage ofˆlm formation was measured for graphite electrodes with diŠerent stages of number of cycles. Simultaneously, the gas desorption amount was measured. As the number of cycles increased, so did the surface coverage. The gas desorption amount was roughly proportional to the surface coverage. A polymer-coating changes the characteristics of theˆlm, battery performance and gas desorption. These results suggest that deterioration in the battery performance is owing toˆlm formation because theˆlm blocks lithium ion ‰ow at the graphite surface. The expansion of the battery case is owing to gas desorption from the surfaceˆlm. In this study, the reasons for battery performance are claried.
Introduction
Lithium ion secondary batteries have been widely used as an electric power source for cellular phones, notebook computers and digital cameras because of their high energy density 1) . These batteries have a problem with the deterioration the performance after long-term use 2) . In other words, the charge/discharge capacity decreases with increasing number of cycles. It was reported that surface coating on the graphite anodes improved charge/discharge performance of the battery 3) . The coating was considered to prevent the active sites on the graphite surface from contacting the electrolyte 4) . These batteries also have the problem that they expand in elevated temperature 5) . The expansion is caused by gas desorption from the graphite anode material in the elevated temperature environment. The expansion may cause an electrolyte short circuit, a liquid spill and other serious issue such as burning due to a broken separator 6) . On the other hand, it is well known that a passivating layer, Solid Electrolyte Interface (SEI), is formed on the surface of the graphite anode material during the charging of the batery 7) . The performance deterioration may occur during the process of SEI formation, however in this case other deterioration process would also exist. SEI formation may also become a source of gas desorption.
In this study, the relationship between the change in surface state and the deterioration of battery performance for the graphite anodes was investigated in order to understand the mechanism for performance deterioration from the point of view of the surface state. Gas desorption was evaluated, in order to verify surfaceˆlm features.
Experiments
Natural graphite and polymer-coated natural graphite were used as anode materials. The natural graphite samples were prepared by mixing graphite powder (98 wt. z), carboxymethyl cellulose binder (1 wt.z) and styrene-butadiene rubber binder (1 wt.z), and this mixture coated on a copper foil. Then, the sample was dried at 100°C for 10 minutes. The coated polymer consisted of hydrogen, carbon and oxygen.
The electrolyte used consisted of 1M LiPF 6 dissolved in an organic solvent containing ethylene carbonate (EC). The charge/discharge cycles were carried out at 25°C
. The charging started galvanostatically at a current of 0.5 mA/cm 2 . After the potential reached 5 mV versus Li/Li ＋ , the charging was conducted potentiostatically until the current decreased to 0.05 mA/cm 2 . The discharging was performed galvanostatically at the 0.5 mA/cm 2 current until the potential reached 1.5 V versus Li/Li ＋ . The number of cycles used was 1, 50 or 100. Battery performance properties were evaluated using the ratio of the discharge capacity after total cycles to that after theˆrst cycle.
Surface morphologies were observed by scanning electron microscopy (SEM). As mentioned below, we observed continuousˆlm on the surface after the cycling. The ratio of the area with a continuousˆlm to the total area of the negative electrode was evaluated as the surface coverage.
The gas desorption characteristic was evaluated by thermal desorption spectroscopy (TDS) 8) . The samples were linearly heated to 423 K with a heating rate of 5 K/ min. Desorption rates of H 2 (m/e＝2), CH 4 (m/e＝15), H 2 O (m/e＝18), C 2 H 4 (m/e＝26), CO (m/e＝28), C 2 H 6 (m/e＝30), C 3 H 6 (m/e＝41), and CO 2 (m/e＝44), were quantitatively measured by a quadrupole mass spectrometer.
Results and discussion
3.1 Morphological change in graphite surface from charge/discharge cycles SEM images of the natural graphite sample before and after 100 charge/discharge cycles are shown in Fig. 1 .
Before the cycling, a pristine natural graphite grain was observed. However, a continuousˆlm with many protuberances was formed on the graphite surface after the cycles. It is noted that the protuberances were mainly observed after 50 cycles, while the continuousˆlms were mainly observed after 100 cycles. So, the resultingˆlm is considered to be a product of coalescence and growth of the protuberances during cycling. During theˆlm formation reaction, a very thinˆlm mightˆrst form on the graphite surface. The thinˆlm might be passed over during SEM observation. The continuousˆlm which was shown in Fig. 1 might be formed after thinˆlm formation with the growth of the protuberances. The thinˆlm would form over a larger area than the continuousˆlm. So, the surface coverage shown in Fig. 2 , which is discussed below, would underestimate the area of theˆlm because the contribution of the thinˆlm would not be taken into account. Therefore eŠective surface coverage would be larger than those shown in Fig. 2 . Because thê lm covered the whole surface of the sample, it might cap the path through which lithium ions pass as mentioned in Section 3.3. In this case, the formation of thê lm is responsible for deterioration in battery performance. Figure 2 shows the sum of the surface coverage of the pro-tuberances and continuousˆlm of the natural graphite and the polymer-coated graphite as a function of number of cycles. While the surface coverage after thê rst cycle was almost zero with only a few tiny protuberances, the surface coverage increased with the cycle number. The surface coverage of the polymer-coated graphite was higher than that of the natural graphite. The polymer-coating could cover the active sites on the graphite surface and could prevent the graphite surface from being exposed to the electrolyte. 3.2 Change in the battery performance by charge/discharge cycles Figure 3 shows the cycle number dependence of the discharge capacity ratio, i.e., the ratio of the discharge capacity after the full charge/discharge cycle to that after aˆrst cycle. The ratio decreased with cycle number. This decrease might result from the formation of the continuousˆlm. The ratio after 100 cycles was 80z reduced, compared with that after 1 cycle. On the other hand, surface coverage after 100 cycles was only 15 percent. This may lead to believe that the coverage of theˆl m resulted in only a 15z decrease in the dis-charge capacity ratio, which was notably smaller than that obtained in this study. This discrepancy could result from the underestimation of the surface coverage as mentioned in Section 3.1. In lithium ion batteries, lithium ion intercalates into negative electrode during charging and deintercaletes out of negative electrode during discharging. Under the assumption that lithium ions are consumed during the growth of the continuousˆlm, this would lead to the performance deterioration. It is not clear whether the main cause of the performance deterioration was the consumption of lithium ions or the inability to pass by theˆlm formation, so that further investigations are necessary. In comparison with natural graphite, polymer-coated graphite showed good charge/discharge performance. One may think that this discussion was inconsistent with the battery performance relationship for the diŠerent graphite samples. Speciˆ-cally, polymer-coated graphite had better battery performance in spite of the higher surface coverage than did natural graphite. This discrepancy might come from the diŠerence in theˆlm features between the graphites. The mechanism of theˆlm growth, theˆlm thickness, thê lm structure or theˆlm content for the polymer-coated graphite might be diŠerent from those for natural graphite. 3.3 Change in gas desorption by charge/discharge cycles The amount of desorbed gasses for natural graphite up to 423 K or 773 K as a function of cycle number is shown in Fig. 4 . For heating up to 423 K, the desorbed amount increased until 30 cycles, then decreased with number of cycles after 30 cycles. On the other hand, for heating up to 773 K, the desorbed amount linearly increased with number of cycles. The desorbed amount correlated with the surface deposit coverage. When the sample was heated up to 773 K, the continuousˆlm was decomposed and many gas were desorbed through the decomposition. In addition to the gas desorption from theˆlm itself, the gas, which originated from the graphite parts, could be released out of theˆlm. A continuousˆlm might prevent gas release from the underneath of theˆlm, i.e., the graphite parts. For heating up to 423 K, the continuousˆlm was not decomposed after more than 30 cycles, because the heating temperature did not exceed the decomposition temperature. Therefore, the gas, which originated from the graphite parts, could not be released from theˆlm. The desorption amount decreased after 30 cycles, but the amount of accumulation could increase with number of cycles. So, gas desorption from theˆlm and the graphite part could cause expansion of the battery. Similar to gas behavior, the intercalation of lithium ions might be prevented by the formation of the continuousˆlm. So, performance deterioration also might be caused by the formation of this continuousˆlm. Figure 5 shows the amount of desorbed gas for natural graphite and the polymer-coated graphite up to 773 K as a function of the number of cycles. The desorbed amount for the polymer-coated graphite was smaller than that for natural graphite. This result suggests that theˆlm volume on polymer-coated graphite might be smaller than that on natural graphite or a component of the continuousˆlm might be changed by the polymercoating. These results were consistent with the fact that the discharge capacity ratio of the polymer-coated graphite was larger than that of the natural graphite.
Conclusion
The relationship between the surface state and the performance deterioration in graphite anodes was investigated using SEM and TDS. Surface coverage increased and battery performance decreased with increasing number of cycles. The results suggest that the protuberances and the continuousˆlm were formed by the charge/discharge cycles and lithium ions were consumed duringˆlm formation. In addition, the desorbed amount suggests that the continuousˆlm might prevent gas release from underneath theˆlm. Similarly lithium ions might be prevented from passing through theˆlm. So, the performance deterioration increased by the formation of a continuousˆlm. The performance deterioration could be suppressed with a polymer-coating. The polymer-coating would changeˆlm features such as the mechanism of theˆlm growth, theˆlm thickness, thê lm structure or theˆlm content. The accumulation of gas desorption may cause expansion of the battery.
